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,5 4 7 Optical element made l.oro ^oride single crystal and method ot manulacturing the optical 

element 



( r j7) The present invention provides a method tor 
calculating the birefringence ot an optical element and 
selecting me direction of minimum birefringence in the 
optical clement. A material tot manufacturing the optical 
clement is a fluoriac single crystal with a birefringence 
value that is reduced compared to conventional materi- 
als The fluoride single crystal is cut from a fluoride sin- 
ale crystal ingot obtained by ctysiai growth so that the 
(in) crystal planes aie two parallel planes, after which 
the optical performance rs impioved bv sub|ecling this 
material to a heat treatment The buelringonce of the 
optical element is calculated by convening known pie/o 
optical constants in a specked three-dimensional oi 
mogonal coordinate system for the optical material into 
; ^70-oolical constants in an arbitrary three-dimension- 
al orthooonai coordinate system. Trie amount of change 
,n the refractive index AM ot the optical material in a 
iirst direction along the direction oi one coordinate axit 
oi the arbitrary three-dimensional orthogonal coordinate 
system andtheamount of change in the refractive index 
\n2 of the optical material in a second direction which 
,s perpendicular tolhefnsidiieciionaie calculated using 
a uniaxial stress that is applied to the optical malerial 
along the first direction and the pieyo-oplical conslants 
in the arbitrary thiee-dimensional coordinate system 
The amount of birefringence a< seen liom a third direc- 
t.on perpendicular to the lust dnection and the second 
direction is determined in the arbitrary thiee-dimension- 
al orthogonal coordmaic system oy determining the dii- 
teience between the amount oi cnanpe in the retractive 
index AM and the amount of change in the refractive 
index An2 
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looser ipt icn 



pars: us s *s h stepoef c-:c ) ^nc 



rt'cu.riiina ii-: G c;feUirtQer;ce ci :nc 



:sco;:o 'o.gscoog or pnoioh 



10002] Oh : 



IOju:-] 



■"■-i ■ ■: ■ c- c' :i !G reiirtc! 



■ : y Such n-^e-r's rt.-e :.sr-: 



: 'Si.-vjie crysiais; used n 
^scs: cwi;!!ie C ;spG;s:o; 
'-■'or auGrraiior, ccneciicr 



" 1 i 

[COOE] 



a Is c 1 



ic g ci\ s: 

:!G:;a- : fc 



G!C hi 



Ifvn occurs ,vn,n ir.e i.chi passes If.ro.ch \ 
[0006] f-uuh.j moie as another meir.odo 



icss n 



as the Chcenco -ni-n2) between !ho roir^ciive moo 



f -os and lelc 



- : - io subs:,-:n 
■ On einncence 



ysials have ionc bper 

cpe .u'-- cs GP 

' : - uL, ' a l -- j ho fGlftfcJaiion"- 

e in c:. J ^-;cn ana is piven in un is ol nm/crTi 
-is pr onoir.eiion is aiso sometimes expiesser 



«"dx e „Kiex n2lor hpht wrthadnechOoih;.,,! .'^'i^' '° hiiv ' np * cerl8,n d,,ec " on 01 potoriwiior 

c! jX'-nii;aiici(, 

l<*07] h^hemore , h0:c ; IMil , E |ni:c>rO 
is aliecied b.' c,ie.r.a' lo.ccs so that ilio id, 

■>;c:,o:; iipoiari/Hroh tl.e amounts ol cm, icoinn,.. 
between those amounts ol change. ,. c , (an'i -Mi2) , 
|0008] .n c, where birefringence if rai.^c by r l 
i: ' - C ' !! -" L -<V^ systems nhc-.en./ tack bn. 
of eicctromaoneiic Iretds and siioss 
|000&] Spocl.raliy „•. iho case ol ihe Hbove-menhoi 



mm ; ' lal IS P«Wcu*r io me above-menlroned electron 

;,^;!;;;; iv ::. ,c, v° c> , ie,nai io:ce = - c; ^ ™ ^ ^^ce , n que s.,or, 

,,oo> ,t„, :J . ss in cases whee ,h,s cringe , s dependen, on the 
l! ' rlC::vc '•••• r -. ! c.««fcc),p.cftoc:«s..Sni ,.i cMr;2 anoMhecMe-c-r-f 
also sometimes called "buclnngencc" 

'" % ,h ' S b,,c, ""pence « alsocornmoniy called 'strain' Moienve, 
■•«<?<->.< e but may haw birelnnuence ,s resull ol Ihe ellocis 

cl:l....i;,.c,,o1 Sl ,css r o e> Hn,, e ,on, I n^r ,C ? C,yE,a[S,S,n, - lGC,VS,a ' S) b " e, ""^e ,s general 
^cc.r„n,,n,,,, -u.aclunnc , access Fu,n, ei mo,e. ,,, e ,alue o1lh, E buelnngencc 

ySlrtiS With rt u'lnniGlet of (|> 1 00 



*ol I "1 0 I II I IviJM I (Jl 



un !h[i- 



Oysl 

:s a: i:,;St '' lx;u ' - '»'n/im. and may conuncV-'y 
mm oi < jr r alGi 

- f ..:ai oicmon, 0 , o.Ja, (s.og, c.s.als, 

10012) ir., ece r.. vca„ ,he,« hp, h,o„ . ,.,0, .0 y ^ v : ' P'oauciivny o.ops). and costs are increased 
pa,o„ ls on wate-s Demand. or hig^ 

higher ,n lG a,a„on „ ,s necessary lc una J* . w " ' COn, " 1U0S '° & "° W ,n orJer 10 'oalize such 

100131 ThP ,^ r v,nn „ n( ° 9 °' sle PP* P>0|ec„on lenses 

0- inc.eas,ng tne N a „nccas,n g thl ri^c^r ^ Sh ° r ' Gn ' n9 °' lhe 

waveienoth k,. e>cime , I H , er , hl ^"e nn , '»iei wavelength: 366 nm). In the future, when e, en shone, - 

imc use „ , e use o. op„ca, 1 ^ ^ ^ ^ taMf 1 93 mn). etc., come 
10015] Acco.OH-, aly . svnl h' elM:sil ^ 

opncal systems o, oxemer laser steppeT C ° m,tl0n,y US6d 86 ™ ^ , maieria! in the 
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ICO! 6] Next .nc.eas.nq .he caliber o. such e.emenis w.ll De bussed Here. ,t -s no, s.mply a Question ot bene, 

IcsuHs with a la.oe, caliber. In recard ,o me ma.enals o, optica, events used in .he op„ca, sys.ems o, exemer ,ase, 

steppers ins necessary irwl single crystals be used, n tr.e case ol calcium lluof.de 
,0 ] Fur.ho.mo,:. I. .he perlo.mancc ol steppers has .mp.ovod, .here has rccen.ly been a demand lor Urge- 
- a ,/e ca 1 lluor.de s.nole cr y s.a.s wi.h . cal.be, o. a.ound . i» mm ,o . 250 mm Such calcium fluoride s,ng 
' c s.a s ave a low relieve index compared ,o ordinary op** glass, and also show h.,1. dispersion (wave eng h 

dependence ol the ,o„a:,,ve index) According such materials ,,o extremely e.le:,ive in .he coi,ec„on of co or ab- 

erfaL.Fur.he.mo-c s^hma.eri,iscaneasi.ybeob.a,, f din.h e m a r kG ,p fe ce,wi,h!a.ge<ahbe.s,no.ecrys.alshav.n g 

a diameter ol o l?0mmor greater also being obtainable 
,c 100181 Calcum l.uo.idc sinole crystals which have such advances have long been used as lens materials in cam- 

eras mic-cs copes and telescopes in addition to being used as ODiicalma.erials in s.eppe.i 

mo 91 Furthermore s.noie crystals ot barium f.uoridc and si.ontn.rn fluoride, which a,e fluoride single crystals o.he. 
lhan calcium lluond, s.nale crystals, belong to the same cubic crystal ,ype, and have s,m,la, piopernes: accordingly 
the use=oUhe^ecivstais. 1 ,e also similar lo those of calcium fluoride single crystals 
, f ,00,0] Suci nuo-ide S .n fi .e crystals can be manufacture! by a method known as, ,he Bndpeman method, the S.ocK- 

hipmpr mo: hod or Hie "pull-down" method. 

[oS; hc,c a meilwf .o, manu.achmno ««*m luci* sino.c c,vs,a,s by the R,,o,wi„,i, method (one example, 

"f Unr^- ol C *,m lluonde s.nqle crystals used in .nc- ,-.,aviole. or vacuum uM.aviole. region, na.uial (luonle 
: , ; s o-H,sGc.,sa ,aw 1 n ; ,, 1 :,,l .ns.cad, .ho orme.a. p«ct«« law* h. 9 ivpu...y .awiwaoww r^r.ulaUu.fcu by cl.nmca, 

mo"'? V ,aw ma.e.-v S can be used "as ,s" ,n a pownoicd s.a.e In such a ca<e however the volume decrease 
uoon Lmm .< <ov,,e Od.narily, .herelo.e, cemi-molien ,aw malenals o, pulver,7ed p.oduc.s ot the same are used 
icn" r F ,. t Vcu .blol.led v,.h .he above,-nen„onc,, raw ma,ena, ,s placed m a giovMh .nparatus. and .ho mteno, 



4 0 



!v iMp J Q!OAih appa^iu- is maintained al a vaciun ol 10^ 10 ^0 A \ : <: 

OO 1 ' 51 . it .empc-,,u.e .nside ,he grown appa.aius is oieva.ed ,o a tempe.a.u.e above .he me ,ng po.nl o. 
S lluonde (137o'c .0 1450°C) so .ha. .he ,aw ma.e.ial ,s melied. In this case, con„ol by means ol a constant 
p" ipu. otiioh-piecsion P,D con.ro, ,s perfouned ,n cde, ,o suppiess tluotua.ions in ,he temperatu.e .nside the 

S sfage. the cucble is lowe.ed , , .peed o. app,ox,ma,e,y Otto, mm/h, so .ha. cry, 

lalli?alion is gradually caused lo occur Irom the lower pari of the crucible. 

oo" When realisation has occur.ed up to the upix, portion of .he men crystal g.owlh ,s comp eted and . 
Zil qracua, cooi.ng piocess is performed, wi.h sudden cooling being avoided so that the Qiown crystal (,ngo. does 
;oTcra?rWhen the Lpera.ure ins.de the growth apparatus has dropped to room temperature, the apparatus ,s 

opened ,o Ihe ^^\^J^^^ ninwth and a De nc,l-shaped ,noo, with a conical tip is 

Lanutactuied In L ,,se. a single crystal can be ioimed by g.owmg the crystal „om ,h< aiea o. the t,p end o, the 

rnniral oart oosiiio.neci ai the lower end of the crucible 

oTsi lie necessary, the.e ,s also a ,echn,oue .,, which Ihe dnec.ion ol cry-,,, growth ,s controlled by 
pacing a slS ay^a, ,n ,he above-mentioned up end portion: however, i, the diameter o. .ho moo, exceeds . 120 mm. 
rmiiol ol Ihe onemRiion oi crystal qiowth becomes extremely dilhcult. 

0 " 0 Gone.allv ,n cases Jheie a fluoride s.no.e crys.a! ,s manu.actured by Ihe Rndgeman method „ ,s consider 
,ha. .here .s no p.o.e.ence ,n .he diredon of grow.h. so that the horizontal plane ol the moo, is a lanoom plane ,n each 

S ' slnce'h" e S a,e extremely large arr.ounts ol ,es,dua, st.ess and strain in the mgo, ,emoved Irom the crucible 

thp moot subiccied to a simple heat treatment "as i f " 

00 2 The .1 onie smcle crys.a, ingot -hus obtained ,s cu, to an appropriate size accord.ng to the des.red produc 
H ,e he .nqot ,s natura.ly cu. horizontally (annula, cu.) m order to cu, out a ma.er.al lo, manulactunng a larger opt.ca, 
el^en, (.ens. etc.) „om the mgo, ,n accordance w„h the des„ed product. Then, the ma.er.a, thus cu, ou, ,s subjected 
lo a heat nealinenl in oroer to improve Ihe quali.y of the rr.aienal 



SUMMARY OF THE INVENTION 

,00331 in view o. ,ne above ci.cumstances. an ob,ec, ol the present inven.ion is to p.ov.oe a method lo. calcu.a.ing 
he bi elr.nc.encc ol an optical elemenl and a me.hod lor de,e,m,n,ng,he bi.elnngence ol an optical element that make 
, po , ' o select 'he d,,ec,,on o. minimum b„e.„ngence ,n the optical element. A further ob.ect is to provide an 
Xa men. tha, has l„,le bnefrmgence Ye, ancthe, ob,ec, ol .he invention is to p.ovide a method o. manufacture 
h P m , H. ,o maKe an optica, element w„h .educed b„ elr.ngence. Another ob.ee, is to prov.de an op„cal system 
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scrcec i.c-.-e;.- t ,-. e ^Gnbcn memoes \> lQ .>,,.."■ ..' .^.7'^ ■''' G '" t - ^ e.^bcc-ea a- : d:;-:. c 

01 :iiC : — CCrr-.cnl and acierrr„^:vj t!,C 7r^,V c 77"'^ J !^» CaiCulaJ,n ? Cirelf riper, 



D '' 0 ° &,r, >-' lG '-gol obtained by crysia i 

|003£1 ^.e^er^^ .. , ^ 

bGen c!:!^mec by crista, cr v.b C h : ^ 77, c7- '-'r-7 ~ ^ ~~ ' ""^ ^ U ' C:CG Si:, 3 ;e cr > s; sf mc:-: ivhich r,^ 

■■ite ;v,c o.rsi-ci r.nnes aite- wr.-^ ■> „ , ■ ' tJ 1C : liG " Mr ' enI - & c :hai in e fui} cr-.stai piano^ 

K'^ej V- L::G!n:--je-ceci:'.PP".- n 7,', '' :,;::c '- ' : ">' ^.eciib.s '-lenaiioa bca- ;:ca!.r, e ~ 

C ' - CT. ,;, 3Cc:l,M ! C a G r<% ■ -7 (r ^ j " " ."' " ' ' ' ^ " ' ' ° ' " • »- ' Gp^Cc! Gid'TiC "Js |$ f GC3UCGC G.t, ^ ' v r* 

IOC-37) 7i, c^oi,,,^,,,,;,;,"' GSS ^ ; ' niLdh£ ' cMnesL,0 ^- m eni,onedhea[neairneni 



|oo:-ej 

' b " '.c; 



1 above- -"iGn'toned inc:[ .q - 
c- or bar. urn fluoride s;ncjre Cfvsia 



r-^=r-:-over con in . : , ; c f _ :t |; , ;r< c , 
-"•i .• *v \ *\ .i u" -s-Gi r>!- " .... .g . -.• -!. t:: ^._ -/.j.) . cc ur i! :fie on j 



& C'J! LJ&;*"10 tb 



; pianos riE- a iGiGioncG. sc mat !ho si. 



ibG t.noo; 



■■^s.- 1 rGl^^ ! ,:: c -i:.,:.. £ b" ' " " '' " ? " ^ °^" :Gd -n :hc- -..-.ic-r^i ihu « cbia.nec 
[ <_ ■ ^- — ^ j tos ,'.!,e.e an c;:--.:ai c^i-ii.jr,! ip a «i«r.-. e r - - ,v - 

m <* ^ «l "<™n.s ccr.s.si.rc ot a --,c,,J, ^ol^o Z - 'Z -i' '^ rX;laC,u,ei ' J * ™*<*' >c .^r 

wvm*,, n-ethoos At ; , „ lC '' ' 't'l'Vcn,, ol ,„e m.Hlenal does noi p.oscn. problem, 

-■ ■ ca« tv, , in (1 t . :hu r , wril . £ i 0 . : ;. , , t " u,r :f; ° L ' p, cal eiC "^^ <'^' be use, in .he above-™,,™*' 

'•••'••:c> ..cWes.^ven.rQ kn r .-n, ; , wcordance wiih anothe. cspec. ol i,,t 

oi al coD.dir.a:c svicm lor an om.-t'r-'-" b c r:SlC " , - : -' c « ! cc ' c ' ; '-' ^ ir. a soeoiiod lhiee-dimer*ior.?! ciKi.-, 

or ,h C cn.spondmg , c H o ur - • ^ ' l-s. cecnon 1 he calculanon uses a un,a ,, a i suo*, 

do-nen. m ft ie.*l alono iheluss dHPn,-,,,' 'J,,. , "b, b," ^'1" €J !° "'° ^'■° v ' ; - menll0ned o"«cal elemen. o, opHcai 

calcui 8i .on ol pnysrcal lensor* cicpenjem on d„e. hon Th,s lad was conlnmed by , celui 

oor:^;^::;^ - «< - - - *o, M ,. d 0Pllcal ele 

«.l:....ry ,b,c G .o, mG ns,ona, or.hooo,^, co^Ze Ml 9 '° SPeC " VC ' y dC ' e ' m ' ned ,hG ^^onl^ned 

^led^z^r ^r:;:::: en " on "t ° p,ifai eiemeni — 1 - * ™™ * ™ ^ ^, 

-con o. me opuca, axis ^ " mnm>m b " el " n ^« * "used ,o subs.anuaiiy coincide w„b me o,- 

IO0J7] Ibemaienalollhe optical eiemem ran be a lluonoe crvsi-l li-r i, , 

0. n,,e„a IS .ncl^ng ca,c, Um , l0Ofld0 sll0nhum 1Iu0 n^ ^o'cle ^ " ^ "'^ " S '° U,: 

cytisi V co-nciooE w.th a d,,eci,on peipendicular 10 the {m ) plane ol ihe lluonoc 

-o .he p , , ) piane ol .he lluonde cw'sia VSla ' °' SUbSI&nll3l| y co.ncid.ng wilh a d„ec„on pe.pendicula! 
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100^0] in ,-ccoidance with anolhei aspect ol me invention, an optical system to. an optical apparatus can be con- 
sulted bv c ombmmq lluoride crystals with the s,,me ref.f.cl.ve index or d.lieient ,el, active .ndices, and in which the 
direr-lion ol the optical axis ol the optical system c«he. coincides or substantially coincides with the <ni> axial direction 
ol a' ic-,st one ol the lluonde crystals, o, coincide* o. substantially coincides with a direction perpendicular to the {ill, 
f p| hl - lG of the m feast one fluoride crystal Rele.ence ic a d.iect.on Hv.1 coincides o, substantially coincides can p-etc rably 
encompa^ ccmcioence w.thm approximately 5 cogioes in angular deviation 

10051] lh.» ri.iection ct minimum bi.ol.inoence .n an optical element o, optical element material can be selected so 
that J, opucai syst.m with little (minimal! abe.iat.on can be consulted by means oi such optical elements, or so that 
an optical r-iomenl with a small biictr.. .pence |m which the d.iection ol the op-ical axis ,s set so that the birel.mo.encc- 
10 is minimal) can be obtamod I torn such an opncal element material 

BRIEF DFf CRIPTION OF THE DRAWINGS 

|0052) F,g 1 is a schematic diagram which shows the conditions uncle, which the material tot manufacturing optical 

u elenwits ot-Uiir.ee! Iiom an ingot is hrst-t.eated 

10053) F.c. 2 is a thematic diagiam which ,ll..v.«les the acquisition of the material lor manufacturing optical ele 

SV'T.^'^Aa-.ccpluald.aoi.,... Hnch shovs coincidence (o, subsiamal coincidence) ol the di.ecl.on of the 

cone >l ci an optical system with the d.iectior. of the <111> a<is ot the lluonde crystal 
' . .i, n ,..-,,„i.i,.-, - , -i thn r --.r-urli'-ia-r- conversion used in order to cnen: 

XV |00 ri l 4.Sf.CL-|..C|.tUMlOI(illl«' i*iin..i* i ...Ow.. - «■ • 

me~>3ax,s in a Ih.ee.d.mensional (>r 1 1 00] ax* <2: |0l0) axis x3- |001j axis) orlhoponal coordinate system ,n the 
di.ecl.on ol ihe |lii) a>is 

|0056] Fig b is ■ ■. llowr.l-.art ol an algorithm us- J io P' edict the magn.li.de ol bi.c'-mgencc 
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100*71 R.-'l-.enr p will now be made in detail to Ine ptesent exemplary embodimenl(s) of the invention. Crystals will, 
cubic crystal system* such as fluoride crystals (f.ncle crystals) a.e generally optically isotropic bodies when not unde, 
siie-'s co tnv tno .elraclive index is inherently the same for light passing th.ouph from all directions relative l.o .ht. 
c r , e) ,i ;„< r,ut the mechanical p,opcrt.cs of such crystals show ,n anisot.opy and a dillermg amount of light displace- 
ment under the same stress depending on the o.iection the light passes tniough the crystal 
, 0 0t 61 T fc- material lo. manuiaclunng optical elements (* 180M 50 cylmdncal shape) in accordance with an aspect 
o, the p.esenl embodiment consists ol a calcium lluonde single crystal This ma.e„al has nil] crystal planes as two 
parallel planes, and has a b.relringence ol 1 nm.-cm or loss, 
•r |00'91 Fu."-C.-r..> th» -Plenal .. « manutactuiinq optical elements in accordance with the present embodiment it 
n,, Jed r-< i.tiing fl ,c material lo, manuiactunng optical elements from a calcium fluoride single crystal ingot obtained 
bv crystal mown or Horn a calcium lluonde single crystal mgol obtained oy crystal giowth and lu.the, subjected to a 
hcatticatmcM coin* pi 1 ] crystal planes a,e two parallel planes, and then subjectinqlhis matenal toa heat lieatment 
100601 Reienino lo Fiq 2 one piece ol matenal 23 lor manuladuring opt.cal elements involved in ihe present em- 
<o bodi.rient *".«u. Horn the ingot 21 with 111 1) crystal planes 22 being two paiailel planes. Two material samples 24 with 
.nnoom S m.„c<* m which Ihe cut surfaces w.,e not (111) crystal planes we.e also cut out ol another ingot .1 lo, 
purposes ol comparison (Fig. 2). 

,00C11 1 h» hucfiinoence values ot the icspecfve cut-out materials 23 and 24 were obtained by performing automat* 
me. ; su,eme:-,ts st appro ■ imalely 200 points using an automatic birefringence measuung apparatus such as that man 

Ai ufacluic-d by ORC MANUFACTURING CO.. LTD 

I00T21 r..c .1 the iespeclive materials 23 and 24 shown at 1 3 in Fig. 1 . were placed inside the vessel 1 2 ol the hoa, 
,o Jem apparatus so that the planes ol the materials were horizontal as shown in F.g. 1. and a heat treatment 
(nl ,,, e ai,nQ. heat l.catmenl temperature: lOSO'C) was perlormed using the heating ol a healer 11. Afterward. Ihebnc- 
Inr.oenco values we.e again automatically mealed in the same way 

so 10063] As a icsult. maximum values ol buelrmgence were obtained as shown ,n Table 1 belo.e and after Ihe heat 
reaimc-nt II is seen Horn the measuiement results ,n Table 1 that ihe birelnngence values of Ihe material 23 o the 
present embodiment, ,n which .he cut surtacos were pn] planes weie much smaller than .hose ot the random-planc 
materials 24 in which ihe cut surlaces were not (111) planes 
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[0064] 



Thus. by ;ne n -.ar. j^ckn nvj met foe c! Ki<> p---^ 

lutftcu-u.g c;:l:ca! c-r.cr-, , V h.ch consols o< ca';.- J ,c 
l -Cgc cc:— ^e:: ic- c on ven- na. ; .-,:c ,v, ,. elG , &rrr£ 



I 



i o--i.-;ocj.rT-ion:. i; is possible to obiam a rrvjienal t: 
c 2 cr . ;? ' ai :n v - h;Ch lh -c Ivcinnccncc- vaiuc i 
' ::•(• ;o Cblam a rr.aienai lo; ;T,an L .!ac! u:ir. 



_ , • - C , .', h! . „.. ^ .-. . : ' i.-; :": J'C J G IfOfTl a maiG'iai rc^:':'im nJ 



cb in i',c ab: 



onec 



■ :na numnpr r; nir.-r-nmr, iP;1 c PC ]r .._ 
- ■■-■.E0£ :na; c:,uiu be .T.Hnu:a:;ijie: 



I; : i f 



-:'U;!acbir me <_■;;!■ ;, : 
o:ial r.cis (ill) cry::-:f. 



as two 



'"■ 1 ;::::l '- r ' : evilo; tons s's o' ;■: ,,: iU !Ti iluui de single- u 

IC'OC-7] ^-Inemi, i; , C :■„'■" : ' :. ■ , " '.^'x:'^,:!^.;' , . 

0. 0wtn c f lon-i £: carium f;uc-:ra._- sine :■ c: noc'r ■■ ■ i , " ■ --->^>-ci 

- - • " ■ ^- ^ ^ ;* v. ( j [ i ^ , i_j ^ ' 1 1 1 i ' ' 1 0 I : i i 1 C r S LI b ! C C ' C C ! h C a ! i H" 1 ' : M f 7 1 C Pi ' 

mrrfi,'' 11 7 yS ' al ^ "° ^ m K ^ "' 6!1 lh ' s ">aier«. lo a host uea.mon: 

S go nTZS I" 0 T' e "' lL - 0a,;T " 2ni UC - E ' d " - ; - ie 23 .or manu.ac.unng op„ca, oiemon, 

' - 4 se ^« enHboc,..-.^-,! ..onr :he m B ol 2 1 w.m n"|c. ys!E . 01f .ocs 2^ be^ Q i«oparallel pianos, .wo^iaier.al 

,c.-., i -,- 1 n,on(F,aure2j ' ^ ■ g ( ,or pu.poses ol 

10069] H G ,e me bi-elMnocncc v„,os ol Ihe -eepecve cu.-ou, ,,,c., !S ,s and 24 were ob..r.ed Dv pe,.o r m,nc 
bT'"b' 'b ! ^ J,emenis f " HPP^^neiy 200 penis usnp ,u him .y^ D„ eii ,noence measunnc w.^u* nvnu- 
iHdured by ORC MANUFACTUiitNG CO . LTD ' " 

10070] Next, the respective n«,c,.Bls 23 and 24. es sl.cvvn hi 13 ho i were placed ,ns,cle ve« e , l2 ol , he 
■^l .^imemapparaiu* so that t„e P lanes ol iho rnatenals w t ,e ho.-r.-o-Hal as shown ,n F,gu,e 1 ano a l,ea: ueaUnem 
- neahng hea, UesUncn, tempc-alu.e WC) was perlcunoo us,np the l,ca;,na ol a healer 11 An G ,v.a,d ne b„c- 

1. moence values were acar, aui.xnr^cal.y measured in the same w d v 

100,1] as a result rrv^mum va,uec cl b.rclnngenrc wc-e obM-nco as sl.own ,n Table 2 belorc and al.cr the hea. 

,,co„d emuodirireru ,n which the cu, suTaces were along 1 11 1 ) pl ,„es were much srnal.er ,han .ho.e o. m« random 
" ,dU - JIWIS < 4 ol » : « ^«hj embooin.enl ,n winch Ihe out su.U'.es were no. along |111) p | a(l)ii 

Tab.e ; 



change in Dr.elnngcnco ol barium lluorrdo cryslal described in Embodiment 2 Units mm/cm) 


Plane orientation 


1111} 


Random (1 ) 


Random (2) 


Birelnnaence beioie heal neaimeni 


14 4 


10.9 


11 .0 


Bnefnnuence aliei heal licalmenl 


1 9 


6 A 


7 1 



10072] Thus, by using Ihe manulaclunng method ol the second embodiment. ,t ,s possible lo oblam a malenal lor 
. acturing op.ica, elemems which consists o, a banum .luonoe smg.e crysta. in which the biieluno nee v lue 

oZ oZ'T \ C Z:T m> ma ' e " alS ' n COnC ' e,e ,e,mS " WJS r — ble 10 0b,ain 3 ^ 'O' -nu.ac, ng 
ohlical elemems in which Ihe b„el,,nuence was reduced lo a value ol 2 nm,cm or less 

b™ fl FU, " le " T ' 0 ' e - 1,1 a C " e whei ° a sle PP e ' P-oiecon lens w,s n .anulac.ured trom a malenal consisting ol a 
banum tiuoride Single cryslal ob.amed by the manu.ac.unna me.hoo o, Ihe second embodiment, and an attemp wa 

7a 8De " a "° n 01 Bn 0P " Cal SyS ' em US '° 9 ,h ' S P ' 0)eC " 0n ' en£ - ,he ^-innoence o. ,he ma.en I w 

no, . problem as in conventional me.hods and „ was possible ,o mccase ,r,e number ol proiection ,enses .ha. could 
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be- u^eo in the above-mentioned optical system (the number ol pioiedon len.es thai could be manutaciu.ee! Worn the 
material} Furthermore, il was possible to icalt/e predion lenses with a supenoi optical perlormance 
,00741 The lollow.nq Equation (!) is an equation which exposes the , el, active index cllipscd ol an o b| ec, ,e a, an 
optic,! member such as an optical demon, o. a material lor the manu.acm.e o, optical elements etc.) consisting ol a 

lluonoe single crystal 



Bi]xixj= i(u= i. 3) 



(1) 



He.e. xl . *2 and x3 are coord.naie axes which a.e .especl.vely peipenoiculm to each other (i. e.. the .ospeciive co- 

ordmaie e>:es ol a three-dimensional orthogonal coordinate system) 

,0075] Thecoett,cientBij.n^ 

ncie < also vHiies This amount a vnnation A Bij .s deie.mined by the st.es okl and tensors known as pie/o-opt.c. 
conctams ( P ,c70-opt,cal coefi.cents: q,jkl. see Equation ,2)) Fur.he.moie. lor convenience ot notation. Equation U ) 
is opies^ec iiS shown by Equat-on (3) with iikl -> ij 

A Uij - qiiki okl M 



ABi - qij oj 



,0076] r ur.he.mofe. .. .s also poes.b.e ,o cxp.es .his usmg s.iam tensois rkl instead ol st.ess lenses .see fcqi.ai.on 
(4) , Hcc prkl a.e rcler.ert 10 as eiasto-opt.cal constants <olnfio-opi.cn coell.cients) 

ABij = p.jkl rH C> 

10077] The p.e.o-op.ical constants ol calc.um fluoride (CaF ? ) banum lluonde (BaF 2 ) and strontium lluor.de (S,F 2 ) 
lot -r-veral wavelencths are listed in NBS TECHNICAL NOTE m (1976. 

,0078] Since the coordinate a>cs 0. these constants are taken on ,l,o a«os o. the crystal lattice, „ may be taken on 
he 1100] axis x2 may be taken on the |0i0] ax.s and x3 may he taken on the |00l] a<,s (lo, sample, Ac o,d„ ply 

ol n.r- lei.active index ellipsoid can be calculated 

;' c , „ •. » „• e ..,r.— - cVeclion (di.^.on n. o|- SP rvsl.mor l.ohl path .sdetermmcd then the amount 

j 007 9] SpGCilically it the mGriPuieii i«i m Cii. CLiiuiMui.c-i - . . .... 

ol biieh.nacnce is delerm.nec „^, n iinn,P V , ihon 

|0080] For example, assuming that the stress p appiiea 10 u.e uuj«u * * u.h«a.c o„^ .... , 

tl"iL stress tensors aie as toliows 



ABI = q p, AB2= q 1? p, AB3 ^ q ir . p. 



,0061] Because ot the, symmetry the p.c.o-oplical constants ot an eau.ax-al crystal system can be exp.essed as 
Le constants: here, q„, q 1? and q J4 a,e d.tlerent constants. 11 these a, e wr.lten in tensor lorm. then the loliowmg 
uuuation is obtained 



Numerical Expression 3 ; 
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|0083] In Equation (ii 



^ ; : - r * L ' ^ ^ j 

$n ( -n 0 0 0 ! 

s j; 0 0 0 ? 

j j 

; 0 ; D I- c 4> o ; 

\b 0 C l. C c I 



i C! 



a X |0 r- 1 



ivg r-.-jox wiihicspeci to hphi pr eo .n ire d.recl.on 



|0064] LQuaiicn (5) irccaics that a larger b!re!i;ruj,?;u:e wsi; Le Generated ur-oo: »he Sr-^ c,,,^ c <v r M rns 
substance !ob:ecn r-hicti r,as a idfGGf coefficient (q n - qi ,, * " ' " " ^ ^ ^' ^" ! "" 5 l,,r ' 

[0065] If p.e/o-Gpiicai constants a,e copied l:cm NLHi: i ECHNICAL NOTE 993 the valuo* obtanna at a wavelenoir 

o! 637 t nau-jrc at shown i,n Table i " 









:'.o ;s:onts 






CaF. 




Bd ( 2 




Mr 


-0 3c 


-■'1 


-0 99 






1 06 


■ 45 


2 07 






-1 46 


03 


-3 06 






0 71 

a 


0 60 


0 95 


(1E-12 Pqa-1) 



ri^ivv^s ay ic 'v i m3o ^ ^' ' ^ ^ II iG Uliia X ia I r ! ■ OSS p applied 10 1 1 1 G O f j 1 1 C 3 1 (2 1 GIT; C HI 11 1 a 1 Gnat a lOhQ OH© COOI * 

TT „' ' ,w ' S ' °' 3 ,h,ee -°" nenE,0,ial «' Praxis xk'; |U1U) ax,s. x3: |U01|ax.si orthoaonal coordinatc- 
.y.lem nnd Ihc icnco,, ol Ihc nbovc-mcnt.oncd know, p.c/o op.ical constants (,n a specie d .h.cc^mcn 5 ,onal o,- 
Moyonai cro. Cl . % «. system xi.x2. .<3). .he uwmi ol cringe .n the .el.sc.ive index im ,n „•„> onecon ol Ihe above- 
men:.oned coordinate ax,s (li,si d„ec.,on. di.eci.on ol .he pOO] axis) and ihe amouni ol chance .n ihe rel.acl.ve ,ndex 
M m a second dimcnon (d,.ec.,on ol Ihe [010] axis) pe.pendeular lo Ihe direction ol Ihe above-mentioned coordinate 
axis a.e Cc.lcula.eo una u,e amouni ol bi.efnnoer.ee seen Horn a :hi.d di.ecl.on. (|00l)axis) wh.ch is pe.pendicular Ic 
-ne above-mentioned l„s, arrj second directions .s determined by de.e.min.ng .he dille.ence be.ween the amouni ol 
change in Ihe reliaclivc .nde> Anl and amouni ol chanoe rn Ihe lelracl.ve index An? 

[0087] In an o.d.r.a.y d.sk-shaped opl.cal member ic c, „n ophcal element o, material used lor Ihe manulacture ol 
ophcal elements, cases a.e commonly encouniccd .n when .he optical axis ol Ihe oplical syslem ,s oriented in Ihe 
ejection of Ihe cen.e. a> ,s o. Ihe disk, and Ihe *ect,on ol suess .s onenled toward Ihe cente, ol Ihe d,sk per P end,cula, 
lo he above-merl.onec anection , or horn Ihe cenier ,owa,d the ouls,de: this direction ,s oro.narily taken as positive 
so that the sign ol .ensue shess is posilive) 

I0088] ln o.oer lo .:a,cuia,e .he buefringence lo, such a cl.sk-shaped ophcal member ,n a case where s„ess ,s applied 
in an a.b.l.ary o„ec„on „ ,s necessary .o subject .he above-mentioned known p.ezo-op.ical conslants .o a coordinate 

converstor. 

I0069] Specticaliy .he above-mentioned known p.e/o-op.ical constants are optical constants ,n a speclied three- 
dimensional (x1 |i00| a<,s x2 JOlOj axis. x3: |001] axrs, orthogonal coord.nale syslem and a,e values lor a case ,n 
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which the cooidinaie axes are taken along the axes o! the crystal, lattice The pie/o-opncal constants in an arbitrary 
thiee-dimens-onal orthogonal coordinate sysiemcorrespondmg to the arbitrary dn ecuon in which the above-mentioned 
stress is applied must be determined by subjecting the above-mentioned known pie/o-optical constants to a coordinate 
conversion 

: [0090] Furthermore, using the uniaxial si i ess that is applied to the above-mentioned ooticai mennber along the di- 
rection ot one coordinate avis of the above-menltoneo arbitrary three-dimensional orthogonal coordinate system (first 
direction) and the pico-optical constants m the above-menlioned arbitrary three-dimensional coordinate system : the 
amount ot change in the retractive index 4ni m the direction ol one coordinate avis ol the above-mentioned arbitrary 
three-eirncnsional orthogonal coordinate system ftnst diicolion) : and the amount ol chanoe in the retractive index An? 

io m a secono dnecnon which is perpendicular to the direction ot the above-menlionea coordinate axis, are calculated 
and the amount ot birefringence seen from a thud dnection perpendicular to the above-mentioned first and second 
directions can be- determined in the above-mentioned arbitrary three-dimensional oilhogonal coordinate system by 
determining the dilleience between the above-mentioned amounts (see Figure 3) 

1 0091] As a reeull ot the calculation ol the respective birefringence values when the direction in which uniaxial stress 
7f is appked .£ taken to be an arbitrary direction : i e . the respective birefringence values m an arbitrary three<Jimensional 
orthogonal cooromaie system, the bireliinger.ee measured horn the drreciion ot the <m> axts of the fluoride crystal 
constitution tne optical member ts determined to be the smallest 

[0092] liie pir.vo-opiical constants in a coordinate system in which the x3' ax:s ol a three dimensional (x1" axis, x2' 
axis. x3 l axis' orthogonal coordinate sys'ern is onenied in Ihe direction of the <11 1: axis v. ei e determined by subjecting 
iv the above -mc..;ii< >ned known pie70-optic;ai ct/ii ;<- : ms io ,* ■ u^diinilc- luiiv.- 5: .on so that the >:3 axis >s oriented in Ihe 
direclior. of the < 11 1> axis. 

[0093] f-uril.ermore : the coordinate conversion ol the pie;-o-optical constants can he accomplished by converting 
the respective compc-nenls of the tensors in accordance with Equation (6) shc/m belo^v In order to accomplish thrt. 
coorci'nate c<y. ■ v t -r sion it is sufficient to perform rotations ab-out the coor Jin -jte a 'Ci 



Numerical Expression 2. 

c' - c it. a. u, q (6) 



-sin 00 cot(^) Oj 



[0094] in me above equation. a- t is a tensor winch pencil ms the coordmaie conversion, and indicates a case of rotation 
about the *S r;xis by A radians in the countciclockwr-se dnection. 

[0095] roi example in order to orient the x3 axis in a ihree-dimensional 01: 1 1 00] axis. >2: [010] axis.. x3: |001] axis) 
orthogonal coordinate system in the direction ol the |111] axis, it is sufficient Inst to cause a rotation of 45 degrees (in 
the ce untercicctwise direction) about the x3a>is and then to cause a rotation ol aictan (\2) m the clockwise direction 
about the x2' axis (Figure 2). 

|0096] i-urihcimore, in order to orient the >:3 axis in a three-dimensional (x1: |i 00] axis. >2: |0l0]axis 1 x3: [001] axis) 
orthogonal coordinate system in the dnection of the [100] axis, it is sufficient to cause a rotation of 45 degrees (in the 

counterclockwise direction) about the x2 axii: 

[0097] Furthermore, in order to orient the x3 axis in a three-dimensional (x1: [100] axis. x2: [010] axis, x3: [001] axis) 
orthogonal coordinate system in the dnedion of the 1 110] axis, it is sufficient lirsl to cause a rotation of 90 degrees (m 
the counterclockwise dnection) about Ihe x2 axis, and ihen to cause a rotation ot 45 degiees (in the counterclockwise 
direction) about the *3 axis 

[0096] Here, a coordinate conversion tor the purpose of orienting the xSaxis in a thieo-dimensional (xl: [100] axis. 
x2: [010] axis x3: [001) axis) orthogonal coordmaie system in the direction ot the |m] ax<s will be performed, and the 
bireir moence in a case where a stress p is applied horn the direction ot the >:1 " axis in tile converted coordinate system 
(>V axis. x2' axis. x3' axis) will be determined The pie/o-oplical consiant lensoi c/V ,n this case is expressed by the 

following equaiion 
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0 




V , ■ 


f i 


IS 


c 








C 


c 


0 






0 


c 


*1 j < 




0 c 




0 


0 




C 0 


0 







0 718 


1 002 


1 635 
1 402 




0 357 


0 553 \ 


0 735 




- 1 02 3 




-1 cK 




-0 7 37 




■ i i £ 




-0.0133 


-0 257 I 


-0 357 




-0 0133 


-0 2s?7 


-0 3c7} | 



f 01 00] I! the l: n:';,ngence in f , C a<-c- 
ubino Imsc values men v,g obtain l! ie toi'owing 



5 1/2')n [q' . , 



(7, 



■ Cj' ir - q' r . r is the smallest ol all the coelficiems it i? seen that !he bue! 



n pence ;ea!;?es a 



Since the value ol q' n 
minimum value 

10101] Specifically, il is seen Horn ihe calculated valies .n labic 2 that ihe bneliinpence in the dneclion o! Ihe <m> 
axis is smallest in calcium fluonde strontium fluoride and banum tiuonoe 

10102] in particular. Ihe bnelnnuence in the dneclion ol the <lli> axis in calcium fluonde is extiemelv small and 
smahcr than the values seen in s;iontiun fluonde and barium fluoride by about an order ot maanttudc ' 
10103] Thus, in the pieseni emboaiment il was possible lo seiec! Ihe dneclion of minimum bnelrmoence in the 
material ot an optical member 

10104] furthermore, in the pieseni embodiment by selecting the dneclion ol minimum birelnncence in an optical 
member n was possible lo torn, an optical element with a small bi-elnngence (in which the direction o! the optical axis 
w.s sei so that the birefringence showed a minimum value), or to manulaciuie an optical elemenl with such a small 
bnelnngence liom a material u^o 1 tor ihe manufacture ot oplical elemenu 

10105] Foi example, in the pieseni embodiment, an oplical elemenl was manufactured by lindmo Ihe dneclion ot 
observation m which the b„efimgen:e showed a minimum value (thud dneclion) tor the above-mentioned optical eie- 
mem material liom the amounts ct oneinngence respectively determined in the above-meniioned arbitrary three-di 
mcnsionai orthogonal cooramaie sysiem : and working the above-mentioned optical clement materia! so that the direc ■ 
i.un ol observation ,n which the rjnelnnpence showed a minimum value n e the direction of the <m> axi. of the 
iiuonoe crystal) coincided roi substantially coincided) with the dneclion ol ihe oplical axis 
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,0106] He.e .c.e.ence to a di.ect.on which coincides ,o. subs.ant.ally comedos', means that Ihete * p.e.erably ,. 
coinc,ae,x:e to within approximately E.oeo.ees in le.ms ol angular deviation 

0 07 I" ur,hermo,e c alaum lluor.de s.rontrum fluonde and banum Huonoe all have .he property o. cleavrnp „,on 
Sc nil) ptonc The picsent ,nven„c, ,s also very advantageous in terms o. working in .ha. a material w,m a small 
bi.cl.maencc- can be coated by wo-Hnp the ma.e.ia. in parallel wilh this cleavage plane 

0 6 Furthermore. ,n the present embodiment disk-lorm bod.es w„h dimensions of « 150 x 20 were cu Horn ,e 
pc-c. ve blocks o. calcium fluonde sl.on.ium fluoride and barium fluoride, and woie used as optical elements or pre- 

cLo.so. optical element* ,ma.e„als lo. man.ilaclui.r.g optical elements) Furthermore, the respective b..ef..npence 
I cs^.e mluied lor three c,n s , which the , 150 c en,e, axis was ,100,, |H0] o, ,111, (Table 3) Moreover the 
Pbove-mennoned blocks were rr.anutactu.ed by substantially comparable crystal growth and heal ueatmen 
m 1 09] B„el„noence relers to .he maximum b.ie.nncence value obta.ned when .he sur.ace ol «he optical element o, 
Lecu sor was polrshed and mc.suremonu, wo.e made a, approximately 100 points acoss an n.lec.rve diameter ol < 
' "o us'g an automatic measurino dev.ee such as lha. manufactured by ORG MANUFACTURING CO.. LI D Further- 
mcie values in parentheses are avtiape values 

101101 Moreover lenses with a cu,van„e can be- obtained by work.nc the above-mentioned precursor rn.o the shape 

01 a iL in this case, ,. goes without ; ,,y,no that wo.kmg is performed so that the di.cction of the <111> a> ,s ol the 
precursor coincides |or ^..bstaniialty coincide. ) will. Ihe duoclion ol the optirnl axis 

Table 3 



Measured values of biielnngunce toi thiee types ol tiuonde crysla 


6. 


A>:ial orientation 


Plane oneniaiion 


CaF 2 


Sit ? 


Baf 2 




[100] 


(100) 


5.4 (3.8) 


& 4 (5.5) 


10.2 (5.E) 




[1101 


(110: 


6 (3.3) 


7.3 (4.9) 


9.1 (5.2) 


|nm/cm] 


[111] 


mi; 


1.1(0.4) 


2 5(1.0) 


2 9(13) 



I01111 Thus .n the present embodiment ,. was possible .oobla.n an optical element with a small b„el„ngence (,.c 
Lh I e direction ol the o P .,a, a>,s se, so thai the b.re.nngence showed a minimum value), in which .he direction ol 
, he optical ax,s ei.he, coincided ,o, substantially comcded) with ,he <im a»,al d,,ec„on ol the fluonoe c.v^l o, 
c envied 10. substantially coincided) w„h a di.eclior. perpendicular to .he ,,11, plane of the luonde crystal 
,0112,' in „,e present cmbod.mcnt, me amounts o< b.re-nngence a,c dc.cimmed ,n an arbi.rary .h,ee-d,mens,om 
Lo onM c .ordinate system os.no .he uniaxial st.oss nensor) app.-ed to .he opt.cal member and the p,e,o-o P „ca 
-o stnts (tensors) h the arbitrary th.ee-d.mensronal cco.d.na.e system However, these could also be determined 
Sng .he strain (tensor) co.rcspond.ng to .he above-mentioned unraxia, siirss and the elaslo-optica, consents no, 
, ()I£ ) m i he ^-f binary thfee-riimerisional eoorcmale system 



Claims 



A .ne.hod lo, calculating .he b.ie.nngence ol an optical element or optical element material comp„s,np a. leas, 

converting m,ow„ p.e/o-oplic* constants ,n a specified three-d.me.is.onal orthogonal coord.na.e system lo, 
m C ot.cfll'mater.al into pic;o-o P iicai cons.an.s ,n an arb.Uaryih.ee-o.mens.onal orthogonal coordinate system 
calculal.no the amount of chance ,n .he refract.ve rndex Anl ol .he opl.cal material in a lirs. d,rec.,on alone 
the direction ol one coordinate axis ol Ihe arbi.rary thfee-d.mons.onal orthogonal coord.na.e sys.em. and Ihe 
amount ol change in the rel ,act,ve index An2' ol Ihe optical material ,r, a second direction which ,s pe,pend,cul S , 
to Ihe tirst direction usrnq a uncial st.ess that is applied lo the opi-cal material along the t.rs. direction, and 
the pie70-oplical constants in the arbitrary three-dimensional coordinate system: and 
determining .he ditle.ence be.v^nthe amount of change in the rel.ac.rve ,nd e> An! andthoamoun. ol change 
,n the relraclive rndex An2 to dcie.rn.ne the amour., ot b„ef, ingence as seen Horn a third direction pe.pendicula, 
to the lirsl direction and .he second di.ecl.on. 

lor calculating the bnc-tiinconce of an optical element o. optical element material, compr.s.ng ai leas. 

converting known elasio-opucai constants ,n a specified .h,ee-d,mens.onal orthogonal coordinate sys.em fo, 
an opticai malerial into elasio-opucal constants ,n an arbmary th,ee-d,mens,onal orthogonal coord.naie sy* 

lem 



2, A tneihod 
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:at cof:Sin''iis 



e 'O'V: 



'S applied tc i! :0 c::*:cai nnaicnal alone 
■-■■:;:uary ih-Ge-Gi-nensonai ccoanaie s>s:ern: arj 



c , ,- ,_, ., ., -.i. „ ^-u^ci inr::-, .-i .;, - i -:s: cireci.on alone 

- - ' ■ \v: ! b ;„u:;.,ur 'iCJiCUlij: 

>■ ^'".at cooic.r.a.c t ; s:c : 

^ »;•.;•. c re!rf,ci.vc- srocx.-im .no ^ amc,: i; 0 ! change 
! ' ,! "' ::; '' :,:Gh5: -° nl ^-n a t!. = :dd : eci.or, peipendicu.ai 

L ' : "' J ' i:iC - M " lCl ^ ICF : "g -p: ir,a:o-.a. ^oir; li.e a:nounis 

V i:.f f -v-di:7-iG'1Eicnrji D.'ihCpCnal COOfCmaiG S\'Sl GfT". 



^aib :n lac a;njlra;y 1:.-gg-; 
An2 ic ciO'-'.: ; i ; ii-'.G Inn an an, 



:,,e « °< «n o.*™ 0 , ^ e .e, ne n, ^ 

:;:;; p,ica mi inn ehs,o ^« ai «~ - - ,,,^^^0,^,00^. coo,™ sy ° 

caic.la.n, ,1 , : flir , our , 0 , chanjc ln Ihc , c , lf4Cllvc lll0C , , nl Q , „, e 

TJ^TrrT^ hX ' S °' " b :" ary ■ C " T,enS,0nal 0r,h °' JOnel ^""e 
lolhe li-^i ci-hA 1 1 c : f ': 'r"' C ■' K ' t - X - W '« 1 :T " HG,:al second direction '.vl,;ch ,s perpendicular 

I',;" ' a „ ' T S r° ,r ' P '° * ral s " ess « a P P"«* ,0 .ho opt.ca. material along 
10 " °" r:nc! "" 3 c:l « I <"°r'"col const-ms ,n ;,. c ^omary .l„ Ge .d„T,r„-,s<r.al cookie ^vs.em 

"^r;;™ -...^.^pepo^, 

n , h , ;, " • '">"••■<» infill, ,u,. 1 u.iuimiQencG lor It ig opiiMl mniGiiai horn Hip nmouni^ 

ol b,,h,n P once -^,,:„v e ,v de,,, nil n e d ,n „,c H.b.n.v •...ce-dH.ens^a. oni.ooona, coo,c,n Ste sys.T 

A rnoi.-.orJ lor m^nulr zhmra an opl.cai eiemenl comprising ai leas: 

r^^^°r°' OD,,CBl COnS ' an,S ' n & S '' eC " lt;d lh '-^-ens t onal crlhoaonal coorcna.e system lo, 
a o la,, c ,„e mm ol change in the rohac.rve rnoex Anl o. the oplical material'in a .„s. d„ec.,on alona 
he d„ or c o„e coordrnetea.s ol ,ho arb.Pary ^ee-drmensrona, orthooona, coorcnaro ,^ em and , c 

; o 7 : C '-f ' n ,h ° ' e " act - <* ™ opnea, mato-ialin a second dnecon W h, C h ,s pe.pendic 

h Z c^T U T 9a Un ' aX,Sl S " eSS ' ha ' l? &Pp,,8d '° " he ° plical malerlal '»« S„ec ,on 

Ihe p.c/o.op.,,.,! ..onsidnts in the arb.Uary lh,ee-d.n lt n & ,onal coordinate system 

inTr,'T 

10 th„ lust direction and tne second direction perpendicular 

oT d ,?el,rit"' IOn 01 ? JS r^' 10,1 SllOW ' nP " n """' nUm b " 0, ""^nce lor ,he op „ C al maiena, Horn Ihe amount, 

^ "T ? ; " Cal ,r ' a '°" al S ° ,ha ' lhe d " GCI - o'^rvanon showing a minrmum bnelnnoence i aus d 
10 substantially ro.ncde w,|h the direction ol the optical a.is 9 
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x A method lor manulactui mo an optical clement compi.smq at <cast 

converting known cl,:s-o-oplical constants in a specified Ihi ee-dimensional orthogonal coordinate system 1o« 
an oplicahnate.ial into el.isio-optical constants in an aibmary thioo-dimensional orthogonal coordinate sys- 
tem 

ralcutating the amount ol chance in the rolraciive mdo> Ani oi the optical material in a lirst direction along 
the direction oi one coordinate axis ol the arbitrary three-dimensional orthogonal coordinate system and the 
amount of chanoe in the .c tractive mdo> An2o! the optical matenal in a second direction which is petpendicular 
10 the lust direction usine stiam conespondinp tc a uniaxial sucss mat is applied io the optical material along 
the lirsi diiGCtion. and the elasto-optical constants in the arbiliary th.ee-dimensional cooidmaie system: 
determining the diileiencc between the amount ol change m the leliacuve index Ani and the amount ol change 
mine retractive index An2 to deteimme the amount ol bh c-ti moence .^s seen tiom a thud dnection perpendiculai 
lo She lirsi dnection and Hie second direction: 

Itndino the direction of ot vervatior. showing a minimum bn eli moence lor the optical material liom the amounts 
ol birefringence i espeotivelv determined in the arbmaiy ihif- e -dimensional orthogonal coordinate system: and 
working the optical material so lhat the dnection ol observation showing a minimum birefringence is caused 
io sul: sian'irjUy comeidc with Urn d-rcdion o1 the optical ;r>.\ r 

7. The method ac co-amp lodaim 1. whoiem the optical matenal ,s a fluoride c rysta! 

6. Ihc method accoiding io c ,tm 1. wherein the lluoime cy^al is selected Horn the group consisting ol calc.um 
lluoride strontium fluoride and barmm fluoride 

r -r. t ,.._ H - v ..,. 1 . c; u.nrro.n ?h G rinenm r ,l oh s c i vat on show na a minimum bitelnnpence substan- 

. , ., ...... .i n,„ (i, ,-.,„s-, c i ii-^ct jnt i -A\\> rr mnripc; wiln h n i eel inn nei 

tially coincides with ire <: i hxih: tiiieuuun ui me nwi,u, v , - — > — • - 

pendicular totne j111) plane ol the fmoride crysia, 
10. An optical element, who rem 

v>id optical element s constructed |,om a fluorine ciystal and Ihe direction ot the optical axis ol Ihe optical 
clement substantially o-^ncide^ with the <111> aoal cvieciion ol the lluoride cryslal or suhstanliaiiy coincides 
with a dreclon pci oendicnlar tc the |U1) plane ol the Mi.mirtc crystal 

11 An optical system lot an optical apparatus, wherein 

t _ r , opliC?| c . Qlcrn |t CO; -, M , lClG d t-w combining a plural iy cA tluonde crystals having the same retiactive maex oi 
diilomnl relative moires. .~,nd Ihe direction ol Ihe optical avis ol ihe oplicai system substantially coincides with 
the <in> axial dnection ot at least one ot the crystals or suhstanliaiiy coincides with direction pe. pendicular to 
the {111 1 plane o1 the- at least one lluoride crystal 

12 An opneal element u^ed n an optical system tor an oplmal ..ppaiau^ wherein said optical clement comprises a 
tlu-ridc crystal and the oi.Pcnon ol the optical axis ot the optical system (or Ihu optical apparatus substantially 
ccmudes will) the <in> a-.ai duecuon ot the fluorine crystal o. substantially coincides with a direction perpen- 
dicular to Ihe |111) plane ot the lluoride crystal 

13. The optical element arco.dmg to claim 10, wherein the lluonoe crystal is selected Irom the g.oup consisting ol 
calcium fluoride, sitontium lluoride and barium fluoride 

14 The method hccord.no to claim 7. wherein the fluoride crystal is cut Irom a fluoride single cryslal ingot obtained 
by crystal grown so lhat Ihe 1111} crystal planes aie two parallel planes, alter which the optical performance is 
improved by subjecting Ihc- cryslal to a heat treatment 

1 5 A method for manulrrciunno a malenal used for manulaciunng oplicai elements, wherein the material is cut from 
' a fluorid* -mgle cryslal moot obtained by cryslal giown ano subjected tc a heat treatment, so lhat the (11 V) crystal 
planes are two parallel planes, alier which the optical perioimance is improved by subjecting the maienal to a heat 
treatment 

1 6 The meihod .n acco.car.ee w.th claim 14, wherein the bnel, moence cl the crystal is reduced Horn a value of 5 nm/ 
cm or greater to a value ol 3 nm/cm or less by means of the above-mentioned heat treatment 
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mm-, co sr^.o : ; . sm 
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20. Tr=e n-moa ,r. Hcco:chnce , Vi :n cfcim lb At.e.e.n me nr.3ie'.al Mas a birelrr.pence ct % C r. C r ^ss 

21 ' 7f,C ,r,G:no - ^ c -'^ - ^ ^ m: ,Mo:e:n m e mo :,aion.. * cyi^r ;a; a di^eier oi o 12C 

' 1 : - f * o; o ; <„ a: o ■ 
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